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Introduction
Multimetallic complexes of the lanthanide metals are of interest as molecular models for lanthanide-based polymers, 1, 2 which have potential applications in magnetic materials, [3] [4] [5] [6] molecular catalysis, 7, 8 and luminescent devices. [9] [10] [11] The aromatic ligand pentalene [C 8 H 6 ] 2− (= Pn) has shown the ability to facilitate strong electronic delocalisation in anti-bimetallic transition metal compounds, 12 and promote coupling effects through the planar π-system of the bridging Pn ligand. [13] [14] [15] [16] The development of the silylated pentalene ligand [1,4- 6 ] via solvent activation of THF (Scheme 1). 18 It was suggested that the strongly reducing nature of Sm(II) and the slightly larger size of this ion when compared to the smaller, less reducing Eu(II) and Yb(II), made it better stabilised, electronically and sterically, in the +3 oxidation state with Pn † . Furthermore, the half-sandwich reagent used in this reaction [Cp*Sm(μ-I)(THF) 2 ] 2 possesses a coordinated THF molecule which can be non-innocent in reactions with highly reducing metal centres. [19] [20] [21] Scheme 1 Synthesis of samarium(III) pentalene sandwich compounds. 18 Evans and co-workers reported the synthesis of mono-Cp* lanthanide(II) tetraphenylborate complexes of the type Cp*Ln(μ:η 6 ,η 1 -Ph) 2 -BPh 2 , for Ln = Yb, Eu and Sm (Scheme 2). 22, 23 These complexes are base-free and readily soluble in arene solvents, and therefore present alternative halfsandwich precursors to unsolvated divalent lanthanide complexes via salt elimination of [M] [BPh 4 ] (e.g. M + = K + ). 24 Herein, we report the synthesis and characterisation of basefree anti-bimetallic complexes [Cp*Ln] 2 (μ-Pn † ) (Ln = Yb, Eu, Sm) and studies of their electrochemical and magnetic properties.
This general procedure, and subsequent work-up and recrystallisation from non-coordinating solvents, afforded the base-free compounds 1, 2 and 3 in 61, 68 and 46% yields respectively. Compound 1 was isolated from tetramethylsilane as a brown crystalline solid, which was characterised by spectroscopic and analytical methods. Tetramethylsilane has proved to be an excellent recrystallisation solvent for complexes such as 1 which are extremely soluble in aliphatic hydrocarbons. The cocrystallised SiMe 4 in the molecular structure determined by single crystal X-ray diffraction (XRD) was lost from the bulk solid after rigorous drying in vacuo, as confirmed by microanalysis. Complex 1 was found to be diamagnetic, consistent with a ground state 4f 14 ) due to its low solubility. In contrast, the base-free complex 1 is highly soluble in hydrocarbon solvents, which spurred interest in studying its reactivity. Specifically, the use of non-polar solvents has been recommended for the precipitation of charged products of redox reactions, 35 
X-ray crystallographic studies
Anti-bimetallic complexes 1, 2 and 3 were characterised in the solid state by single crystal XRD, and views of their molecular structures are depicted in Figure 1 . Complex 1 crystallises in the monoclinic space group P2 1 /c with one half-molecule in the asymmetric unit, whereas 3 crystallises in the triclinic space group P−1 and contains two independent halfmolecules, each with different structural parameters, which are compared in Table 2 . Compounds 1 and 3 are not isomorphous, but are similar in many respects. In the solid state both anti-bimetallics exhibit a slipped triple-decker arrangement and an η 5 ,η 5 metallocenelike bonding mode. They are symmetrical and possess an inversion centre at the midpoint of the bridgehead carbons, which results in a 180° Ct(Cp*)−M−M−Ct(Cp*) torsional angle. The pentalene and Cp* ligands are planar but not mutually coplanar, instead adopting a bent arrangement of rings around the metal, as is well-known for the divalent lanthanide metallocenes. 25, 36, 37 The extent of bending in these compounds, as well as their alkaline earth analogues, has been related to metal size. 38 131.5(2)° respectively). 17 There is also an interaction between Eu1 and the molecule of co-crystallised toluene located in the structure, with two short contacts, to C47 and C48 of 3.060(5) and 3.214(5) Å respectively, which lie within the range of Eu−C distances in previously reported Eu complexes with neutral π-arenes (2.965-3.266 Å).
50,51
The rest of the distances between Eu1 and this phenyl ring are greater than 3.6 Å and are not considered significant. In contrast the other europium atom Eu2 is not solvated but interacts with all 8 carbons of the pentalene ring, which folds by 16.1° to accommodate the electropositive centre, as is typical for the structures of mono f-element pentalene compounds. 18, 52 This unusual coordination environment for Eu2 is quantified by the ring slippage parameter (−0.268 Å) with its proximal pentalene C 5 -centroid (see ESI † Figure S1 for definition of Δ M−Ct ) which is exceptionally large and negative in comparison to this parameter for Eu1 (0.069 Å), and those for 1 and 3. Pentalene is normally considered as a dianionic ligand in the η 8 and is thus best considered as a subtle interaction attributed to the electron deficiency of Eu2 with respect to Eu1. A list of short intermolecular contacts (less than the sum of the van der Waals radii), and a displacement ellipsoid plot of the unit cell of 2 are included in the ESI.
Magnetic studies
The magnetic susceptibility of 2 and 3 was studied in solution using the Evans method 54, 55 and in the solid state using SQUID magnetometry. The magnetic properties of lanthanide ions due to unpaired 4f electrons are generally well described by the coupling of spin (S) and orbital (L) angular momenta in the Russell-Saunders coupling scheme to give a total angular momentum (J = L + S). Figure S4 ) reveal that at 16 K, the magnetisation (M) of 2 increases almost linearly with applied field, as expected for a paramagnetic system in which interactions between neighbouring ions are weak. At lower temperatures, M no longer increases linearly with H, and takes the form of a curve described by the Brillouin function. 59 The M vs H curve at 2 K approaches a limiting value at 5 Tesla, which is the saturation magnetisation of the sample when all of the spins have aligned. Figure   3 ) has a shallow slope below 40 K, suggesting that at these temperatures, when most of the electrons are in the ground state, complex 3 behaves as a temperature independent paramagnet. However, as T increases the J = 1 and J = 2 states become increasingly populated, so that at 300 K μ eff has increased to a value of 3.09 μ B per M. Field-dependent measurements (see ESI † Figure S5 ) further illustrate that the magnetisation of 3 is temperature independent at 32 K and below, and the near-linear dependence of the magnetisation with applied field confirms that intermolecular interactions are weak. 
Electrochemical studies
Cyclic voltammetry (CV) is a powerful technique for investigating the electronic properties of organometallic complexes. 62 In f-element chemistry CV is commonly used to rationalise trends in reactivity arising from a different set of ligands on a common metal or vice versa. The thermodynamic trend in 3+/2+ reduction potentials for Yb and Sm complexes is expected to follow that of the Ln 3+ ions in acidic aqueous media, 63 with the latter metal ca. 0.5 V more reducing than the former. However, direct observation of the reverse process, i.e. Ln 2+/3+ oxidation, is complicated by the high reactivity of Ln(II) complexes and the fact that the expected redox event lies outside the potential window of many solvent/electrolyte systems commonly used in organotransition metal chemistry. processes were observed within the electrochemical window ( Figure 4 ). 65 Repetitive potential cycling over process I in isolation using varied scan rates (50 to 500 mV s −1 ), showed electrochemical behaviour best described as quasi-reversible. 67 The peak-to-peak separation (ΔE pp ) was comparable to that for ferrocene under the same conditions (ca. 120 mV), suggesting that only one electron is being transferred. Process II shows an anodic wave with a peak potential (E pa ) of −1.5 V in the forward scan, however no associated cathodic wave was observed in the reverse scan. Irreversible behaviour suggests that the product of this second oxidation is not stable under the conditions and timescale of the experiment. It is noted that process I shows a lower current response than process II. Due to the highly negative region of the potential window which at these processes occur, it may be that appreciable oxidation of the Sm(II) species had occurred prior to application of the initial potential of the forward scan (−2.2 V). After a period of ca. 1 h, the current response of process I diminished almost entirely and additional anodic waves appeared upon scanning to more positive potentials. Presumably after this period the Sm(II) species has nearly completely decomposed, consistent with 1 H NMR spectroscopy observations. given in Table 4 . The oxidative potentials follow the thermodynamic trend for reducing power Sm > Yb > Eu, 63 although a more in-depth comparison cannot be made due to the different electrolytic media used. Furthermore, the peak separations between the oxidation waves (ΔE) does not represent the difference between mid-peak potentials (hence not designated ΔE ½ ), and hence the value does not represent a true thermodynamic measurement of the comproportionation equilibrium constant (K c ) for the mixed-valence mono-cation. Complex 
Nonetheless mid-peak potential (E ½ ) values have been determined by CV in select examples of Ln(II) metallocenes
E (1) / V E (2) / V ∆E(THF / 0.1 M [ n Bu4N][B(3,5-{CF3}2C6H3)4] c THF / 0.1 M [ n Bu4N][B(C6F5)4] d MeCN / 0.1 M [ n Bu4N][PF6] e THF / 0.1 M [ n Bu4N][PF6].
Redox reactions
The (4) as a yellow solid (Scheme 4). Ion-pair 4 was characterised by NMR spectroscopy, elemental analysis and X-ray crystallography. (5) In an attempt to prepare an authentic sample of (η 8 -
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Please do not adjust margins atoms in 5 as the 'ate' complex shown Figure S3 of the ESI, however the low quality of the data precluded accurate refinement of metric parameters. There is precedent for such Ln(III) anionic bis(pentalene) sandwich complexes with Ln = Ce, 71, 72 emphasising the steric and electronic stabilisation achieved for the f-elements with the pentalene ligand in η 8 -mode.
Conclusions
The synthesis of anti-bimetallic complexes of the divalent lanthanides was investigated, with the half-sandwich Cp*Ln( respectively. IR spectra were recorded between NaCl plates using a Perkin-Elmer Spectrum One FTIR instrument. Mass spectra were recorded using a VG Autospec Fisons instrument (EI at 70 eV). Elemental analyses were carried out at the Elemental Analysis Service, London Metropolitan University. Additional elemental analyses for compounds 2 and 3 were carried out at the analytical laboratories of the Friedrich-Alexander-University (FAU) Erlangen-Nürnberg on Euro EA 3000, prior to SQUID magnetometry measurements. Magnetic measurements of polycrystalline samples of 1, 2 and 3 were carried out at FAU Erlangen and the University of Oxford, using a Quantum Design MPMS-5 SQUID magnetometer at different fields (0.1 -5 Tesla) and different temperatures (2 -300 K). Accurately weighed samples (ca. 30 mg) were placed into gelatine capsules and then loaded into nonmagnetic plastic straws before being lowered into the cryostat. Data reproducibility was carefully checked on two independently synthesised and measured samples. Solution phase magnetic susceptibilites were determined using the Evans method, 54, 55 and measured on the Varian VNMRS 400 MHz spectrometer. Samples were allowed 15 min to thermally equilibrate at the given probe temperature which was calibrated with a methanol thermometer. The solvent density at the given temperature was factored in to the magnetic susceptibility calculation. 77, 78 Cyclic voltammetry studies were carried out using a BASi Epsilon-EC potentiostat under computer control. iR drop was compensated by the feedback method. CV experiments were performed in an Ar glovebox using a three-electrode configuration with a Au disc (2.0 mm 2 ) or glassy carbon disc (7.0 mm 2 ) as the working electrode, a Pt wire as the counter electrode and a Ag wire as the pseudoreference electrode. Sample solutions were prepared by dissolving the analyte (ca. 5 mM) in THF ( 
Crystallographic Details
Single crystal XRD data for 3 were collected by the UK National Crystallography Service (NCS), 79 at the University of Southampton on a Bruker-Nonius FR591 rotating anode diffractometer (λ Mo Kα ) equipped with VariMax VHF optics and a Saturn 724+ CCD area detector. The data were collected at 120 K using an Oxford Cryosystems Cobra low temperature device. Data collected by the NCS were processed using CrystalClear-SM Expert 3.1 b18, 80 and unit cell parameters were refined against all data. Single crystal XRD data for 1 and 2, were collected at the University of Sussex on a Bruker-Nonius Kappa CCD area detector diffractometer with a sealed-tube source (λ Mo Kα ), in ω scanning mode with ψ and ω scans to fill the Ewald sphere. The data were collected at 173 K using an Oxford Cryosystems low temperature device. Data were processed using Collect, 81 Scalepack, and Denzo, 82 and unit cell parameters were refined against all data. An empirical absorption correction was carried out using the Multi-Scan program. 83 Solutions and refinements were performed using WinGX 84 and software packages within. All nonhydrogen atoms were refined with anisotropic displacement parameters. All hydrogen atoms were refined using a riding model.
